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Isolate Grand Haven (GH) 2 is a naturally occurring isolate of the chestnut blight fungus, Cryphonectria parasitica, that is
greatly reduced in virulence due to the presence of a double-stranded RNA virus. Unlike many other virus-infected,
hypovirulent isolates, GH2 is not substantially reduced in pigmentation, conidiation, or laccase expression compared to its
virus-free counterpart. The dsRNA genome of the GH2 virus was cloned, sequenced, and compared to hypovirulence-
associated viruses of the family Hypoviridae. GH2 dsRNA is considerably smaller than previously characterized members of
the family, 9.8 kb compared to 12.5–12.7 kb for other members. The genome organization of GH2 dsRNA reflected the
substantial difference in genome size. Like other members of the family, one strand contained a poly(A)1 tail at the 39 end
and a long sequence with several minicistrons at the 59 end of the same strand. Only a single open reading frame (ORF) of
8622 nucleotides was predicted from deduced translations of the poly(A)1-containing strand, however. This contrasts with
the two-ORF structures of previously characterized members. Analysis of the deduced ORF of GH2 dsRNA revealed putative
proteinase, RNA polymerase, and helicase domains similar to those previously identified in confirmed members of the virus
family Hypoviridae. GH2 dsRNA was more distantly related to Cryphonectria hypovirus (CHV) 1-EP713 and CHV2-NB58 than
the latter two were to each other but has features in common with each of those viruses. We propose that the GH2 virus be
included in this taxon as a member of the genus Hypovirus, representing a strain of a new species, CHV3. © 1999 Academic
PressINTRODUCTION lates of C. parasitica have been collected from various
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lMany of the viruses that infect and cause hypoviru-
ence in the chestnut blight fungus, Cryphonectria para-
itica ([Murr.] Barr) belong to the newly described family
ypoviridae (Hillman et al., 1995). Members of this family
ave no true capsid but contain a single large double-
tranded (ds) RNA encapsulated in pleomorphic vesi-
les. The family contains a single genus, Hypovirus, that
s subdivided into numbered species based on differ-
nces in genome structure, sequence relatedness, and
ymptoms caused in the infected fungal host (Hillman et
l., 1994, 1995). To date, two species have been charac-
erized: Cryphonectria hypovirus 1 (CHV1), the type spe-
ies of the genus (Shapira et al., 1991; Chen and Nuss,
999), and CHV2 (Hillman et al., 1994). CHV1 was first
dentified in European hypovirulent isolates of the fungus
nd has been the subject of numerous studies (see
uss, 1996, for a review); CHV2 was first identified in
ypovirulent isolates from New Jersey and has been less
horoughly studied.
A number of other hypovirulent, dsRNA-containing iso-
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66arts of the world (Peever et al., 1997, 1998). Isolate GH2,
ollected in 1980 from a recovering American chestnut
rove near Grand Haven, MI (Fulbright et al., 1983), was
mong the first from North America to be characterized
n detail (Fulbright, 1984). The dsRNA of isolate GH2 was
he subject of some of the first molecular characteriza-
ions of hypovirulence-associated dsRNA from C. para-
itica (Tartaglia et al., 1986; Paul and Fulbright, 1988;
urbahn, 1992). The three dsRNAs in isolate GH2 were
stimated by gel electrophoresis to be 9.0, 3.5, and 1.0
b. Based on terminal sequence and hybridization anal-
sis, the 3.5-kb dsRNA was determined to represent a
eletion of the 9.0-kb dsRNA. The 1.0-kb dsRNA ap-
eared to be unrelated to the other two and was thought
o represent a satellite RNA (Tartaglia et al., 1986). These
onclusions were supported by biological data suggest-
ng that the 9.0-kb dsRNA could replicate in the absence
f the other two, but neither the 3.5-kb nor the 1.0-kb
sRNA was ever found without the 9.0-kb dsRNA (Ful-
right, 1984; Paul and Fulbright, 1988).
Several lines of evidence suggested that GH2 dsRNA
iffered fundamentally from dsRNAs of CHV1 and CHV2
iruses. The apparent size difference among the three
as substantial (;9.0 kb versus 12.7 and 12.5 kb, re-
pectively), GH2 dsRNA failed to hybridize even under
ow stringency conditions with RNA of the other two
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67CRYPHONECTRIA HYPOVIRUS 3Hillman et al., 1992), and the symptoms that each in-
uced in the fungus were distinct. We therefore charac-
erized the dsRNA of isolate GH2 to determine whether
hese perceived differences were associated with differ-
nces in genome structure or organization. We report
ere the sequence and organization of a distinct species
f the genus Hypovirus, CHV3, strain GH2.
RESULTS
loning and sequencing of cDNA clones of GH2
sRNA
The GH2 isolates used in this study contained either
hree or four major dsRNAs that were visible on ethidium
romide staining of polyacrylamide or agarose gels. The
argest dsRNA (.9 kb) was purified from polyacrylamide
els, and a partial cDNA library of clones primed with
ligo(dT) or random hexamers was constructed in the
lasmid pUC9. Clones shown on spot hybridization anal-
sis to derive from the large dsRNA were mapped rela-
ive to each other by Southern blot analysis; the resulting
ap is shown as the top set of clones in Fig. 1. Prelim-
nary sequence analysis, including the determination
hat a coterminal poly(A)1 tail resided at the end of two of
he clones, strongly suggested the orientation of the
lones shown in Fig. 1. The presence of a poly(A)1 tail at
ne end of the sense strand is consistent with direct
FIG. 1. cDNA clones used to characterize C. parasitica strain GH2 d
he original culture maintained in Michigan. The sequence is deposited
s CHV3-GH2 (CS). PCR-derived clones and 59-RACE clones were made
heir combined sequence, deposited in GenBank as accession numbe
lignments presented in this study. The 59-terminal sequence of CHV3
horter than CHV3-GH2 (WY).NA sequencing results of Tartaglia et al. (1986) and with
rganizations of CHV1 and CHV2 dsRNAs (Shapira et al.,
991; Hillman et al., 1994).
Using primers based on the original sequence, a sec-
nd series of clones was made through PCR-mediated
mplification of cDNA synthesized from an indepen-
ently maintained culture of GH2 dsRNA and then se-
uenced in its entirely on both strands using an auto-
ated sequencer. A total of 79 nucleotide differences
ere noted between the original sequence and the PCR-
enerated sequence, but the size and essential features
f two sequences were the same, providing support for
he overall organization of GH2 dsRNA shown in Fig. 1
nd discussed later.
59-RACE was used to determine the 59-terminal se-
uence of the poly(A)1-containing strand, predicted to be
he sense strand. Tailing with dGTP resulted in the se-
uence d(G)NTTAG . . . on the three largest clones exam-
ned. This result confirmed that the 59 end of the poly(A)1-
ontaining strand had likely been reached in the reac-
ions but did not permit unambiguous determination of
he 59-terminal residue. The reactions were repeated,
ailing with dATP rather than dGTP. Results from d(A)-
ailing reactions showed a variable number of dG resi-
ues between the d(A)N tail and the adjacent
. . . TTAG . . .) sequence. A total of 18 d(A)-tailed 59-RACE
lones from two independent reactions were sequenced:
Oligo(dT) and randomly primed clones were made from an isolate of
Bank as accession number AF188514 and is denoted in the database
subculture of the original Michigan isolate maintained in New Jersey.
515 and denoted in the database as CHV3-GH2 (WY), was used in the
CS) was not determined, so the deposited sequence is 208 residuessRNA.
in Gen
from a
r AF188
-GH2 (
eight of the clones contained five d(G) residues, eight
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68 SMART ET AL.lones contained four d(G) residues, and two clones
ontained the terminal sequence (CGGGG . . .). Assum-
ng five guanosine residues at the 59 end of the poly(A)1-
ontaining strand, the complete sequence of GH2
sRNA was determined to be 9799 nucleotides (nt), ex-
lusive of the poly(A)1 tail, from both the cDNA-derived
lones and clones generated by RT-PCR.
9 Untranslated region
Between the 59 terminus and the AUG predicted to
nitiate the long ORF was a region of 369 nt that con-
ained six small ORFs, with sizes varying from 2 to 44
odons. This 59 untranslated region (UTR) is slightly
horter than the 59-UTRs of CHV1 and CHV2, which are
loser to 500 residues (Rae et al., 1989; Hillman et al.,
992). No nucleotide sequence homology was detected
etween the 59-UTR of GH2 dsRNA and those of CHV1-
P713 or CHV2-NB58, nor was any significant similarity
oted among the mini-ORFs at the amino acid level (not
hown).
ajor ORF of GH2 dsRNA
The AUG codon at positions 370–372 initiated an ORF
f 2874 codons, the only ORF of .200 codons. Several
horter possible ORFs were identified. The largest was a
83-nt ORF from positions 1679 to 2161, with the capacity
o encode a 161-amino-acid residue protein of 18.8 kDa
not shown). No homologous, secondary ORF in an al-
ernate reading frame was identified in the sequence of
HV1-EP71 or CHV2-NB58.
Several motifs found in confirmed members of the
amily Hypoviridae, as first identified by Koonin et al.
1991), were evident in the deduced amino acid se-
uence of GH2 dsRNA. These motifs included a putative
apain-like proteinase domain near the N-terminus, a
utative RNA polymerase domain, and a putative heli-
ase domain. Alignments through these domains are
resented in Figs. 2 and 3. Barley yellow mosaic virus
BaYMV), a member of the plant-infecting virus family
otyviridae, is the most closely related virus outside of
he Hypoviridae with similar motifs and was used as an
utgroup for the comparisons. These comparisons re-
ealed fundamental similarities and differences among
H2 dsRNA, CHV1, and CHV2. In terms of overall amino
cid sequence similarity, CHV1 and CHV2 were more
losely related to each other than GH2 dsRNA was to
ither. Which of the two was the closer relative of GH2
sRNA was unclear. Surprisingly, the overall structure of
he putative RNA polymerase domain of GH2 dsRNA was
ore similar to that of BaYMV than to either confirmed
ember of the Hypoviridae (Fig. 2A). In particular, both
HV1-EP713 and CHV2-NB58 contained homologous
locks of .150 amino acid residues not found in BaYMV
r GH2. The six motifs typical of helicase superfamily II
nd noted by Koonin et al. (1991) as conserved in CHV1-ifferences were observed among the helicase domains
f the four viruses (Fig. 2B).
Comparisons of the putative proteinase domains are
ade more interesting by the presence of two such
omains in CHV1, one in each of the two large ORFs.
nly one such domain is evident in CHV2-NB58, in ORF
. All three of these domains are functional proteinases
ith identified cleavage sites (Choi et al., 1991; Shapira
nd Nuss, 1991; Brown, 1997). The most favorable align-
ent of the N-terminal portion of the deduced amino acid
equence of GH2 dsRNA was with the proteinase portion
f ORF A of CHV1-EP713 and the more recently charac-
erized CHV1-Euro7 (Fig. 3). Using the alignment shown
nd assuming cleavage between Gly296 and Thr297, the
utative GH2 proteinase would result in a cleavage prod-
ct of ;32 kDa, slightly larger than the 29-kDa ORF A
roteinase of CHV1-EP713 but much smaller than the 48-
o 52-kDa cleavage products of ORF B of CHV 1 and
HV2. Preliminary in vitro translation data indicate that
he putative N-terminal proteinase encoded by GH2
sRNA is functional and suggest that cleavage occurs at
r near the predicted Gly296–Thr297 dipeptide (W. Yuan and
. I. Hillman, unpublished data). Thus the putative GH2
roteinase is more similar to the CHV1 ORF A protein-
se, and the CHV1 and CHV2 ORF B proteinases are
ore similar to each other.
A region of moderate sequence similarity marked by
he presence of three cysteine residues was noted near
he N-termini of potyvirus helper component (HC) pro-
eins and CHV1-EP713 p29 (Koonin et al., 1991). This
egion of HC-Pro has subsequently been shown to be of
ritical importance to potyvirus biology (Atreya et al.,
992; Kasschau and Carrington, 1998). Homologues of
his sequence appear to be present near the N-termini of
H2 p32 as well as the CHV2-NB58 ORF A product, p50,
hich has no apparent protease function. These regions
re indicated with a star in Fig. 4.
Shortly downstream from the putative cleavage site of
he GH2 proteinase, homology with the other two de-
uced hypovirus proteins becomes evident and, with
everal gaps, remains relatively strong through the C-
ermini of the aligned proteins. This is represented by the
nfilled sections of the genome maps in Fig. 4. The
educed 32-kDa putative proteinase therefore is the only
elatively large domain that was identified in the N-
erminal region of the GH2 ORF. In contrast, CHV1 con-
ained three domains (p29, which contains proteinase A;
40; and p48, which contains proteinase B), and CHV2
ontained two domains (p50, which contains the CHV1
40 homolog, and p52, which contains proteinase B).
Overall nucleotide sequence identity was 38% between
H2 and CHV1-EP713 as well as between GH2 and CHV2-
B58. This contrasts with ;60% overall identity between
HV1-EP713 and CHV2-NB58 (Hillman et al., 1994).
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69CRYPHONECTRIA HYPOVIRUS 3H2 is not substantially reduced in sporulation,
igmentation, or laccase activity
Isolate GH2 grew more slowly in culture and has a
obate appearance compared with its virus-free counter-
art, GH2-6 (Fig. 5). Isolate GH2 was deep orange when
rown under normal laboratory lighting. The effect of the
H2 virus on pigmentation and sporulation was exam-
ned as described previously (Hillman et al., 1990). Pig-
entation was not reduced in GH2 relative to its virus-
FIG. 2. Conserved RNA polymerase (A) and helicase (B) domains of
nd BaYMV. Amino acids identical among the four viruses are shaded bl
ray and indicated with a dot. The underlined motifs are those identifiree counterpart, and sporulation was only somewhat
educed (Table 1). In contrast, CHV1-EP713 reduced
hese traits dramatically and CHV2-NB58 led to moder-
te reduction in both traits when each was compared
ith its isogenic, virus-free counterpart.
The expression of laccase in C. parasitica results in
alt-tannic acid medium turning brown. Higher levels of
accase expression result in a deeper brown color
Rigling et al., 1989). Reduction in laccase production of
RNA aligned with homologous domains of CHV1-EP713, CHV2-NB58,
indicated with an asterisk; chemically similar amino acids are shaded
oonin et al. (1991).GH2 ds
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70 SMART ET AL.. parasitica by virus infection was first demonstrated by
igling et al. (1989) and later shown to be associated
ith expression of the ORF A proteinase of CHV1-EP713
Choi and Nuss, 1992). We examined whether laccase
ccumulation was reduced in GH2 relative to its virus-
FIG. 3. Putative protease domain of GH2 dsRNA compared with the c
RFs A and B, CHV2-NB58 ORF B, and BaYMV. (A) Alignments: identitie
embers are denoted by an asterisk or a dot, respectively. (B) Cladog
s outgroup.
FIG. 4. Diagrammatic representation of overall genome organizati
HV2-NB58 (Hillman et al., 1994). Hatching patterns in the ORFs repres
urther denoted with light connecting lines. The star pattern represent a
ines indicate 59- and 39-nontranslated regions.ree isogenic counterpart. Unlike CHV1-EP713 (Hillman
t al., 1990) and CHV2-NB58 (Chung et al., 1994), the
resence of GH2 dsRNA was associated with little re-
uction in laccase activity as determined by malt-tannic
cid plate assays (Table 1).
ain-like protease domains of CHV1-EP713 ORFs A and B, CHV1-Euro7
shading) or similarities (light shading) among at least four of the seven
owing relationships among the C. parasitica proteases, using BaYMV
GH2 dsRNA compared with CHV1-EP713 (Shapira et al., 1991) and
ologous sequences; their positions relative to the other genomes are
homologous sequence common among the three viruses. Thick blackore pap
s (dark
ram shon of
ent hom
short
i
o
d
v
C
a
c
p
l
a
f
a
l
o
C
a
p
1
U
C
a
l
u
a
G
g
c
n
u
s
C
T
E
t
c
n
m
t
d
c
w
G
G
N
N
E
E
t
f
71CRYPHONECTRIA HYPOVIRUS 3DISCUSSION
The virus in C. parasitica strain GH2 provides an
nteresting contrast to previously characterized members
f the family Hypoviridae. Although it substantially re-
uces virulence, other symptoms induced by the GH2
irus differ considerably from those induced by CHV1 or
HV2. Most notably, no discernible reduction in pigment
ccumulation or sporulation and little reduction in lac-
ase production are associated with GH2. Many exam-
les of CHV1-type viruses have been identified, particu-
arly in Europe and Asia (Peever et al., 1998; Allemann et
l., 1999), and many GH2-like viruses have been identi-
ied in North America (Paul and Fulbright, 1988; Peever et
FIG. 5. Colony morphologies of three virus-infected C. parasitica iso
ere grown for 7 days on potato dextrose agar under 16-h per day m
TABLE 1
Biological Properties of C. parasitica Isolates Used in the Study
Isolate dsRNAa Virulenceb Pigmentc Conidiac Laccased
H2 1 2 1111 111 111
H2-6 2 1111 1111 1111 1111
B58 1 2 11 11 2
B58-19 2 1111 1111 1111 1111
P713 1 1 2 2 2
P155 2 1111 1111 1111 1111
Note. 1111 indicates maximum relative value; 2, minimum rela-
ive value.
a Presence or absence, not quantified.
b Data from Durbahn (1992) or Chung et al. (1994).
c From colonies grown for 7 days under continuous cool white
luorescent light at 80 mM/m2/s2 at 22°C.
d From colonies grown for 7 days in darkness at 22°C.l., 1997). CHV2 is somewhat rarer, with only two popu-
ations having been identified: one in New Jersey and
ne in China (Chung et al., 1994; Peever et al., 1998).
HV1 and CHV2 have been identified in Asia (Peever et
l., 1998), which is the probable site of origin of C.
arasitica (Anagnostakis et al., 1992; Milgroom et al.,
996).
The presence of multiple short ORFs in the long 59-
TR of GH2 dsRNA is similar to the 59-UTRs of CHV1 and
HV2 (Rae et al., 1989; Hillman et al., 1992). The CHV1
nd CHV2 59-UTRs have been shown to depress trans-
ation in vitro, but their effects on translation in vivo are
nknown. The presence of multiple guanosine residues
t the 59 terminus of the poly(A)1-containing strand of
H2 dsRNA was consistent with the prediction by Tarta-
lia et al. (1986) of a G-rich 59 end, based on partial and
omplete RNase T1 analysis. The apparently variable
umber of guanosine residues in this same region was
nexpected, as no similar phenomenon has been ob-
erved on examination of the sequences of CHV1 or
HV2 dsRNAs (Shapira et al., 1991; Hillman et al., 1994).
he correctness of the sequence at the 59 end of CHV1-
P713 and CHV1-Euro7 has been further supported by
ranscription of infectious RNA from full-length cDNA
lones bearing two guanosine residues at the 59 termi-
us (Chen et al., 1994; Chen and Nuss, 1999).
The organization and relationships of genes and do-
ains of GH2 dsRNA prompt questions about gene func-
ion and origin. No specific hypovirulence-associated
omains have been described for hypoviruses, but re-
ombination experiments by Chen and Nuss (1999) sug-
nd their corresponding isogenic virus-free wild-type isolates. Cultures
, cool white fluorescent light (50 mM/m2/s).lates a
oderate
gested that ORF B is more important than ORF A. More
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72 SMART ET AL.pecific information about the role of ORF A is available.
hoi and Nuss (1992) demonstrated that expression of
HV1-EP713 p29 alone in transgenic C. parasitica was
ufficient to reduce sporulation, pigment production, and
accase accumulation, but it did not induce hypoviru-
ence. Furthermore, Craven et al. (1993) demonstrated
hat deletions to p29 in the context of infectious cDNA
lones were not lethal but reduced virus-associated sup-
ression of sporulation, pigment production, and laccase
xpression. In that study, C. parasitica isolates infected
ith CHV1-EP713 transcripts lacking most of p29 had
orphologies and properties more similar to those of
ild-type, virus-free isolates. Suzuki et al. (1999) recently
apped the p29 symptom determinant domain to a re-
ion extending from Phe29 through Gln73. It is interesting
hat the GH2 virus, which contains a p29 homolog, has
ittle effect on these properties of the fungus. The spe-
ific sequence of the p29 homolog present in the GH2
irus differs considerably from that of CHV1-EP713, and it
s clear that the two proteins do not perform all of the
ame functions.
The evolutionary relationship of members of the family
ypoviridae is unclear. Based on the organizational and
equence similarities of the polymerase domains of GH2
sRNA and BaYMV, it is tempting to speculate that these
wo are the closest relatives identified to date crossing
he family lines of Hypoviridae and Potyviridae. The jump
rom the single ORF genome structure found in GH2
sRNA to the two ORF genome structure of CHV1 could
ccur through the duplication of the papain-like protein-
se with acquisition of the p40 domain of CHV1, as
uggested by Koonin et al. (1991). This model would be
upported by the similarity of the putative proteinase of
H2 dsRNA and CHV1 ORF A. CHV2 could have evolved
rom CHV1 through the subsequent loss of the ORF A
roteinase, while retaining the C-terminal portion of ORF
. A problem with this model is that it would be consis-
ent with overall greater sequence similarity between
H2 and CHV1 dsRNAs than with similarity between
H2 and CHV2. This relationship is not supported by
airwise comparisons of these sequences: GH2 dsRNA
s comparable to CHV1-EP713 and CHV2-NB58 in overall
evel of sequence divergence. Also, GH2 dsRNA has a
ajor feature in common with each one, but not both, of
he other two dsRNAs: similarity to CHV1 in its ORF A
roteinase, and similarity to CHV2 in the region of the
RF B discontinuity between the proteinase and poly-
erase domains. If a virus such as the one in isolate
H2 is the ancestor of CHV1 and CHV2, it seems likely
hat the lineage is not direct but that there is at least one
ther major link connecting these three. If such an evo-
utionary scenario occurred in Asia, it would be expected
hat GH2-like viruses would be found there. To date, no
sRNAs cross-hybridizing with GH2 dsRNA have been
dentified in Asia (Peever et al., 1998; Y. Liu and M.
ilgroom, personal communication).rected by the ICTV in 1995 (Hillman et al., 1995) and
evised recently for the 7th Report of the ICTV. The
ypovirulence-associated virus in strain GH2 clearly be-
ongs in the family Hypoviridae but is distinct from pre-
iously characterized species of the genus Hypovirus,
HV1 and CHV2. We propose that the GH2 virus be
ncluded in this taxon as a member of the same genus,
epresenting a strain of a new species, CHV3.
MATERIALS AND METHODS
ultures and growth conditions
The growth and maintenance of fungal cultures were
s described previously (Hillman et al., 1990). C. para-
itica isolate GH2 was collected from a nonlethal canker
n an American chestnut tree in Grand Haven, MI (Ful-
right et al., 1983). Isolate GH2-6 is a virus-free single
onidial isolate of GH2 with growth characteristics sim-
lar to those of other virulent C. parasitica isolates. Iso-
ate EP713 is the virus-containing counterpart of iso-
enic, virus-free isolate, EP155 (Hillman et al., 1990).
irus-containing isolate NB58 and its corresponding vi-
us-free single conidial isolate NB58-19 were described
y Hillman et al. (1992). Laccase assays were performed
n malt-tannic acid (modified Bavandamm’s) medium as
escribed previously (Choi and Nuss, 1992; Hillman et
l., 1990). Results were quantified after a 7-day growth in
arkness by melting the agar without the mycelium,
iluting it 10-fold with water (w/w), and assaying it spec-
rophotometrically at 405 nm in an ELISA plate reader.
sRNA isolation, cloning, and characterization
f clones
dsRNA was isolated from a total nucleic acid-contain-
ng fraction of fungal extracts by CF-11 cellulose (What-
an) column chromatography essentially as described
y Morris and Dodds (1979). The largest dsRNA was
urified by electrophoresis through either polyacryl-
mide or agarose gels and then eluted using an Elutrap
ystem (Schleicher & Schuell) or RNaid (Bio 101).
ligo(dT) or randomly primed cDNA libraries were made
nd mapped as described by Hillman et al. (1992). Se-
uences of both strands of the clones shown in Fig. 1
top) were determined manually by dideoxy sequencing.
separately maintained culture and primers based on
he original sequence were used to construct the library
f PCR-derived clones shown in Fig. 1 (bottom). 59-RACE
lones were constructed after tailing of cDNA with either
or G residues, essentially as described previously
Polashock and Hillman, 1994). Sequences of both
trands of the PCR and 59-RACE clones shown were
etermined with an Applied Biosystems model 373 au-
omated sequencer. Sequence analysis was performed
sing GCG (Devereux et al., 1984), Clustal W (Thompson
t al., 1994), and DNAstar (Madison, WI) programs.
ACKNOWLEDGMENTS
p
G
A
A
A
B
C
C
C
C
C
C
D
D
F
F
H
H
H
can be partially relieved by high light intensity. Phytopathology 80,
H
K
K
M
M
N
P
P
P
P
R
R
S
S
S
T
T
73CRYPHONECTRIA HYPOVIRUS 3The authors thank Michael Milgroom for critical reading and im-
rovement of the manuscript. W.Y. was supported in part by USDA/NRI
rant 9802297 (to B.I.H.).
REFERENCES
llemann, C., Hoegger, P., Heiniger, U., and Rigling, D. (1999). Genetic
variation of Cryphonectria hypoviruses (CHV1) in Europe, assessed
using RFLP markers. Mol. Ecol. 8, 843–854.
nagnostakis, S. L. (1992). Chestnuts and the introduction of chestnut
blight. Annu. Rep. North. Nut Growers Assoc. 83, 39–42.
treya, C. D., Atreya, P. L., Thornbury, D. W., and Pirone, T. P. (1992).
Site-directed mutations in the potyvirus HC-PRO gene affect helper
component activity, virus accumulation, and symptom expression in
infected tobacco plants. Virology 191, 106–111.
rown, M. P. (1997). Molecular characterization of dsRNAs derived from
Italian and New Jersey hypovirulent strains of Cryphonectria para-
sitica representing two distinct taxa of the Hypoviridae. Ph.D. thesis,
Rutgers University, New Brunswick, NJ.
hen, B., Choi, G. H., and Nuss, D. L. (1994). Attenuation of fungal
virulence by synthetic infectious hypovirus transcripts. Science 264,
1762–1764.
hen, B., and Nuss, D. L. (1999). Infectious cDNA clone of hypovirus
CHV1-Euro7: a comparative virology approach to investigate virus-
mediated hypovirulence of the chestnut blight fungus Cryphonectria
parasitica. J. Virol. 73, 985–992.
hoi, G. H., and Nuss, D. L. (1992). A viral gene confers hypovirulence-
associated traits to the chestnut blight fungus. EMBO J. 11, 473–477.
hoi, G. H., Shapira, R., and Nuss, D. L. (1991). Co-translational auto-
proteolysis involved in gene expression from a double-stranded RNA
genetic element associated with hypovirulence of the chestnut blight
fungus. Proc. Natl. Acad. Sci. U.S.A. 88, 1167–1171.
hung, P. H., Bedker, P. J., and Hillman, B. I. (1994). Diversity of Cry-
phonectria parasitica hypovirulence-associated double-stranded
RNAs within a chestnut population in New Jersey. Phytopathology 84,
984–990.
raven, M. G., Pawlyk, D. M., Choi, G. H., and Nuss, D. L. (1993).
Papain-like protease p29 as a symptom determinant encoded by a
hypovirulence-associated virus of the chestnut blight fungus. J. Virol.
67, 6513–6521.
evereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive set
of sequence analysis programs for the VAX. Nucleic Acids Res. 12,
387–395.
urbahn, C. M. (1992). Molecular characterization of dsRNA associated
with hypovirulence in Michigan isolates of Cryphonectria parasitica.
Ph.D. thesis, Michigan State University, East Lansing, MI.
ulbright, D. W. (1984). Effect of eliminating dsRNA in hypovirulent
Endothia parasitica. Phytopathology 74, 722–724.
ulbright, D. W., Weidlich, W. H., Haufler, K. Z., Thomas, C. S., and Paul,
C. P. (1983). Chestnut blight and recovering American chestnut trees
in Michigan. Can. J. Bot. 61, 3144–3171.
illman, B. I., Fulbright, D. W., Nuss, D. L., and Van Alfen, N. K. (1995).
Hypoviridae. In “Sixth Report of the International Committee for the
Taxonomy of Viruses” (F. A. Murphy, Ed.). Springer-Verlag, New York.
illman, B. I., Halpern, B. T., and Brown, M. P. (1994). A viral dsRNA
element of the chestnut blight fungus with a distinct genetic organi-
zation. Virology 201, 241–250.
illman, B. I., Shapira, R., and Nuss, D. L. (1990). Hypovirulence-
associated suppression of host functions in Cryphonectria parasitica950–956.
illman, B. I., Tian, Y., Bedker, P. J., and Brown, M. P. (1992). A North
American hypovirulent isolate of the chestnut blight fungus with
European isolate-related dsRNA. J. Gen. Virol. 73, 681–686.
asschau, K. D., and Carrington, J. C. (1998). A counter-defensive
strategy of plant viruses: Suppression of post-transcriptional gene
silencing. Cell 95, 461–470.
oonin, E. V., Choi, G. H., Nuss, D. L., Shapira, R., and Carrington, J. C.
(1991). Evidence for common ancestry of a chestnut blight hypoviru-
lence-associated double-stranded RNA and a group of positive-strand
RNA plant viruses. Proc. Natl. Acad. Sci. U.S.A. 88, 10647–10651.
ilgroom, M. G., Wang, K., Zhou, Y., Lipari, S. E., and Kaneko, S. (1996).
Intercontinental population structure of the chestnut blight fungus,
Cryphonectria parasitica. Mycologia 88, 179–190.
orris, T. J., and Dodds, J. A. (1979). Isolation and analysis of double-
stranded RNA from virus-infected plant and fungal tissue. Phytopa-
thology 69, 854–858.
uss, D. L. (1996). Using hypoviruses to probe and perturb signal
transduction processes underlying fungal pathogenesis. Plant Cell 8,
1846–1853.
aul, C. P., and Fulbright, D. W. (1988). Double-stranded RNA molecules
from Michigan hypovirulent isolates of Endothia parasitica vary in
size and sequence homology. Phytopathology 78, 751–755.
eever, T. L., Liu, Y.-C., and Milgroom, M. G. (1997). Diversity of hypo-
viruses and other double-stranded RNAs of Cryphonectria parasitica.
Phytopathology 87, 1026–1033.
eever, T. L., Liu, Y.-C., Wang, K., Hillman, B. I., Foglia, R., and Milgroom,
M. G. (1998). Incidence and diversity of double-stranded RNAs oc-
curring in the chestnut blight fungus, Cryphonectria parasitica, in
China and Japan. Phytopathology 88, 811–817.
olashock, J. J., and Hillman, B. I. (1994). A small mitochondrial double-
stranded (ds) RNA element associated with a hypovirulent strain of
the chestnut blight fungus and ancestrally related to yeast cytoplas-
mic T and W dsRNAs. Proc. Natl. Acad. Sci. U.S.A. 91, 8680–8684.
ae, B. P., Hillman, B. I., Tartaglia, J., and Nuss, D. L. (1989). Charac-
terization of double-stranded RNA genetic elements associated with
biological control of chestnut blight: organization of terminal domains
and identification of gene products. EMBO J. 8, 657–663.
igling, D., Heiniger, U., and Hohl, H. R. (1989). Reduction of laccase
activity in dsRNA-containing hypovirulent strains of Cryphonectria
(Endothia) parasitica. Phytopathology 79, 219–223.
hapira, R., Choi, G. H., and Nuss, D. L. (1991). Virus-like genetic
organization and expression strategy for a double-stranded RNA
genetic element associated with biological control of chestnut blight.
EMBO J. 10, 731–739.
hapira, R., and Nuss, D. L. (1991). Gene expression by a hypoviru-
lence-associated virus of the chestnut blight fungus involves two
papain-like protease activities. J. Biol. Chem. 266, 19419–19425.
uzuki, N., Chen, B., and Nuss, D. L. (1999). Mapping of a hypovirus p29
protease symptom determinant domain with sequence similarity to
potyvirus HC-Pro protease. J. Virol. (in press).
artaglia, J., Paul, C. P., Fulbright, D. W., and Nuss, D. L. (1986). Struc-
tural properties of double-stranded RNAs associated with biological
control of chestnut blight fungus. Proc. Natl. Acad. Sci. U.S.A. 83,
9109–9113.
hompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties, and
matrix choice. Nucleic Acids Res. 22, 4673–4680.
